Borna disease virus is a neurotropic negativestrand RNA virus that infects a wide range of vertebrate hosts, causing disturbances in movement and behavior. We have cloned and sequenced the 8910-nucleotide viral genome by using RNA from Borna disease virus particles. The viral genome has complementary 3' and 5' termini and contains antisense information for five open reading frames. Homology to Filoviridae, Paramyxoviridae, and Rhabdoviridae is found in both cistronic and extracistronic regions. Northern analysis indicates that the virus transcribes mono-and polycistronic RNAs and uses terminatlon/polyadenylylation signals reminiscent ofthose observed in other negative-strand RNA viruses. Borna disease virus is likely to represent a previously unrecognized genus, bornaviruses, or family, Bornaviridae, within the order Mononegavirales.
Borna disease virus (BDV) is a neurotropic virus that causes an immune-mediated syndrome resulting in disturbances in movement and behavior. Originally described as a natural infection of horses in southern Germany (1), Borna disease has now been described in sheep (2) , cats (3) , and domestic fowl (4) . Though natural infection has not been reported in primates, subhuman primates can be infected experimentally (5, 6) . Antibodies to BDV proteins have been found in patients with neuropsychiatric disorders (7) (8) (9) , suggesting that BDV or a related agent may be pathogenic in humans.
Because BDV grows only to low titer, it was difficult to purify for analysis. However, the identification of BDV cDNA clones by subtractive hybridization (10, 11) and, more recently, the advent of a method for isolation of virus particles (12) led to partial characterization of BDV as a negative-strand RNA virus which transcribes its RNA in the cell nucleus (12) . We have now cloned and sequenced genomic RNA from virus particles. The genomic organization of BDV indicates that it is likely to represent a distinct virus genus or family within the order Mononegavirales.
MATERIALS AND METHODS
BDV cDNA Library Preparation and Screening. Genomic RNA template for library construction was obtained from an oligodendrocyte cell line (Oligo/TL) acutely infected with BDV strain V (12) . For the first genomic library, RNA from one virus particle preparation was polyadenylylated with poly(A) polymerase (GIBCO/BRL) to facilitate cloning from the 3' terminus by oligo(dT)-primed cDNA synthesis. Libraries were prepared in pSPORT with the SuperScript plasmid system (GIBCO/BRL). The first library was screened with pAB5 and pAF4 radiolabeled restriction fragments (10) . Subsequent libraries were screened with radiolabeled restriction fragments from locations progressively 5' on the genomic RNA. The 5'-terminal sequence from each library was used to design an oligonucleotide primer for construction of the next library.
DNA Sequencing and Sequence Analysis. Plasmid DNA was sequenced on both strands by the dideoxynucleotide chaintermination method (13) using a modified bacteriophage T7 DNA polymerase (Sequenase version 2.0; United States Biochemical). Five to 10 independent clones from each library were sequenced with overlap so that each region of the genomic RNA was covered by at least 2 (14) . The ligated RNA was reverse transcribed with SuperScript II (GIBCO/BRL) using a primer, 5'-GCCTCCCCT-TAGCGACACCCTGTA-3', complementary to a region 465 nt from the 5' terminus of the BDV genome. A 2-,ul aliquot of the reverse transcription reaction was used to amplify the ligated region by the PCR using Stoffel fragment (PerkinElmer/Cetus). Primers used in the first round of PCR were 5'-GCCTCCCCTTAGCGACACCCTGTA-3' and 5'-GAAA-CATATCGCGCCGTGAC-3', located 241 nt from the 3' terminus of the BDV genome. Amplified products were subjected to a second round of PCR using a nested set of primers: 5'-TACGTTGGAGTTGTTAGGAAGC-3', 251 nt from the 5' terminus, and 5'-GAGCTTAGGGAGGC-TCGCTG-3', 120 nt from the 3' terminus. PCR products were cloned (15) and sequence across the 5'/3' junction was determined from five independent isolates. Northern Hybridization. Poly(A)+ RNA extracted from acutely infected rat brain by using the FastTrack system (Invitrogen) was size-fractionated in 0.22 M formaldehyde/1% agarose gels (16) , transferred to Zeta-Probe GT nylon membranes (Bio-Rad), and hybridized with randomprimed 32P-labeled restriction fragments (17) representing open reading frames (ORFs) across the BDV genome (see Fig. 4b ). RNA transfer, hybridization, and washing were performed with the manufacturer's protocol (Bio-Rad).
RESULTS
Sequencing of Genomic BDV RNA. Beginning from the 3' terminus, a series of four overlapping cDNA libraries was Proc. Natl. Acad. Sci. USA 91 (1994) 4363 constructed by using BDV particle RNA (12) as template. Previous studies have shown that the genomic RNA is not polyadenylylated (18) . Thus, to construct the first library, genomic RNA was polyadenylylated in vitro to facilitate oligo(dT)-primed cDNA synthesis. For the subsequent three libraries, genome-complementary oligonucleotide primers were designed based on 5'-terminal sequence determined in the previous round of cloning. Each region of the genome was sequenced by using a minimum of two independent clones.
To determine the sequences at the termini, genomic RNA was circularized and sequenced across the junction by using five independent clones.
The 8910-nt BDV genome contained antisense information for five major ORFs flanked by 53 nt of noncoding sequence at the 3' terminus and 91 nt of noncoding sequence at the 5' terminus ( Fig. 1) . In 3'-5' order, the first two ORFs encoded two previously described viral proteins, p40 (19) and p23 (20) . The third, fourth, and fifth ORFs had coding capacities of 16 kDa (gpl8), 57 kDa (p57), and 190 kDa (p180), respectively (Fig. la) . Predicted amino acid sequence for the 16-kDa ORF correlated with microsequence data for an 18-kDa BDV glycoprotein (S. Kliche, T.B., and W.I.L., unpublished data), originally described as the Borna disease-associated 14.5-kDa protein (21) . The first three ORFs showed no overlap and were in frame with the fifth ORF (Fig. lb) Fig. 2 ). The distance between conserved motifs a and A was found to be short in BDV as it is in rhabdoviruses, whereas this region is highly variable in length and sequence among paramyxoviruses (23) . The PILEUP-generated dendrogram, obtained by using complete p180 ORF and L-protein sequences, indicated that the putative BDV polymerase was more closely related to L polymerases of Rhabdoviridae than to those of Paramyxoviridae (data not shown). Analysis of Noncoding Sequence at the Genomic Termini.
The 3'-terminal genomic sequence had a high A+U content, 60.5%, with an A/U ratio of z1:2, similar to 3' leader sequences of other negative-strand RNA viruses. At the extreme 3' end, filo-, paramyxo-and rhabdoviruses have a common G+U-rich region (Fig. 3a) . In BDV, as in respiratory syncytial virus, rabies virus, and filoviruses, this region was not located at the 3' extremity. Comparison of the 3' and 5' termini of BDV genomic RNA revealed complementarity similar to that found in other negative-strand RNA viruses (25, 26) (Fig. 3b) . Alignment of the genomic termini allowed formation of a terminal panhandle, with the first 3 nt unpaired. The subsequent complementary area of6 nt (positions 4-9 and 8907-8902) could be extended by one gap insertion between positions 8901 and 8902 resulting in an additional 10-nt stretch of complementarity with a single mismatch (positions 18 and 8994; Fig. 3b ). Identification of Potential Termination/Polyadenylylation Sites. Sequence preceding the poly(A) tracts of two cloned BDV mRNAs (UA5) (19, 20) was used to analyze genomic sequence for homologous sites that could serve as potential termination/polyadenylylation signals. Seven sites were found (Fig. 4c) . Northern hybridization experiments supported use of four of these sites (T2, T3, T5, and T7) and allowed identification of a termination/polyadenylylation signal consensus sequence CMNMYYMNWA6, where M is A or C, Y is C or U, and W is A or U. Only one of the three remaining sites (t6) matched the consensus sequence (Fig. 4c) .
Northern Hybridization Analysis. Restriction fragments representing the five ORFs were used as probes for hybridization to poly(A)+ RNA isolated from acutely infected rat brain by FastTrack (Fig. 4a and b CoC--n- (27) . Transcriptional readthrough was also found the more 5' probes (Fig. 4 a and b) .
for polycistronic transcripts of 3. terminate at T5. The 7.1-kb detected by probes C, D, C*, E*, and E is likely to initiate at or near the beginning of the gpl8 ORF and to continue through T5 until it terminates at T7. Probes C and C* hybridized to both a 1.5-kb RNA and a 6.1-kb RNA. Interestingly, neither the 1.5-kb RNA nor the 6.1-kb RNA was detected by probe D, located between C and C* on the viral genome. These findings are consistent with posttranscriptional modification resulting in a 1-to 1.3-kb deletion (Fig. 4) .
DISCUSSION
The order Mononegavirales, which incorporates the families Filoviridae, Paramyxoviridae, and Rhabdoviridae, has distinct characteristics that include (i) a nonsegmented negativesense RNA genome, (ii) linear genome organization in the order 3' untranslated region/core protein genes/envelope protein genes/polymerase gene/untranslated 5' region, (iii) a virion-associated RNA-dependent RNA polymerase, (iv) a helical nucleocapsid that serves as template for replication and transcription, (v) transcription of 5-10 discrete, unproces'sed mRNAs by sequential interrupted synthesis from a single promoter, and (vi) replication by synthesis of a positive-sense antigenome (28) .
The genomes of rhabdo-, paramyxo-, and filoviruses range in size from 11 to 20 kb. The BDV genome has been estimated to be between 8.5 kb (10, 18) and 10.5 kb (11, 29) in length. Our data confirm that the BDV genome, at only 8910 nt, is smaller than those of other negative-strand RNA viruses. Several features suggest that BDV is a member of the order Mononegavirales: organization of ORFs on the genome; extensive sequence similarities of the largest BDV ORF to L polymerases of rhabdo-, paramyxo-, and filoviruses; homology of 3' noncoding sequence to leader sequences of Monoengavirales; and complementarity of BDV genomic termini.
In 5'-to-3' antigenomic orientation, the first ORF contains 1110 nt. Due to a more favorable translation initiation context (30) , it is likely that the second AUG codon, 39 nt inside the ORF, is used to express a 357-aa protein of 39.5 kDa (p40) (27) . Twenty-six nucleotides downstream of the stop codon is a polyadenylylation signal (19) (T2, Fig. 4 b and c) . The second ORF starts 79 nt from the p40 polyadenylylation site. It has a length of603 nt coding for a 201-aa protein of22.5 kDa (p23). The stop codon of the p23 ORF is part of the polyadenylylation signal (20) (T3, Fig. 4 b and c) . Analysis of the intergenic region between the p40 and p23 ORFs has shown that this sequence is less conserved among different BDV isolates than coding sequences for p40 and p23 (15) . Therefore, expression of a small ORF in this region (x, Fig. lb) (11, 27) that overlaps with the p23 ORF seems unlikely (15) . Ten nucleotides downstream of the p23 polyadenylylation signal is the third ORF, 426 nt, coding for a 142-aa (16.2 kDa) protein. Due to glycosylation, the protein expressed from this ORF has an apparent size of =18 kDa (gpl8) (S. Kliche, T.B., and W.I.L., unpublished data). No polyadenylylation signal similar to those identified for p40 and p23 mRNAs (19, 20) was found near the end of the gpl8 ORF (Fig. 4 b and c) . Instead, the following ORF overlaps with the end of the gpl8 ORF by 28 aa. It has a total size of 1509 nt that could code for a 503-aa protein of 56.7 kDa (p57). The ORF has two AUG codons in the overlap with gpl8. A third AUG located outside the overlap is 451 nt from the beginning of the ORF. Which, if any, of these AUGs is used is unknown, as no protein has been identified. A potential polyadenylylation site is located 28 nt downstream of the p57 ORF (t4). However, Northern hybridization results suggest that this site is a weak or nonfunctional signal, because no major transcript(s) was found to stop at this position (Fig. 4) .
The fifth ORF encompasses more than half the genome. A potential polyadenylylation site (T7) similar to that seen at the end of the p40 and p23 ORFs is found 33 nt from the stop codon ofthe p180 ORF (Fig. 4 b and c) . The size ofthe protein expressed from this ORF cannot be determined from current data. In BDV strain V, the ORF overlaps 34 aa with the p57 ORF. In BDV strain He/80, there is no overlap, because the first AUG (x, Fig. 4b ) is changed to GUG (data not shown). Therefore, it is more likely that the AUG 351 nt downstream (O, Fig. 4b ) is used to initiate translation of a 1608-aa protein of 180.3 kDa (p180). Though there are frequent point mutations in the 351 nt between these two AUG codons, the
